Recent data link vitamin A and its retinoid metabolites to the regulation of adipogenesis, insulin sensitivity, and glucose homeostasis. Retinoid metabolism is tightly controlled by an enzymatic network in which retinaldehyde dehydrogenases (Aldh1-3) are the rate-limiting enzymes that convert retinaldehyde to retinoic acid. Aldh1a1-deficient mice are protected from diet-induced obesity and hence diabetes. Here we investigated whether Aldh1a1 and the retinoid axis regulate hepatic glucose and lipid metabolism independent of adiposity. The impact of Aldh1a1 and the retinoid pathway on glucose homeostasis and lipid metabolism was analyzed in hepatocytes in vitro and in chow-fed, weight-matched Aldh1a1-deficient vs. wild-type (WT) mice in vivo. Aldh1a1-deficient mice displayed significantly decreased fasting glucose concentrations compared with WT controls as a result of attenuated hepatic glucose production. Expression of key gluconeogenic enzymes as well as the activity of Forkhead box O1 was decreased in Aldh1a1-deficient vs. WT livers. In vitro, retinoid or cAMP agonist stimulation markedly induced gluconeogenesis in WT but not Aldh1a1-deficient primary hepatocytes. Aldh1a1 deficiency increased AMP-activated protein kinase ␣ activity, decreased expression of lipogenic targets of AMP-activated protein kinase ␣ and significantly attenuated hepatic triacylglycerol synthesis. In metabolic cage studies, lean Aldh1a1-deficient mice manifested enhanced oxygen consumption and reduced respiratory quotient vs. WT controls, consistent with increased expression of fatty acid oxidation markers in skeletal muscle. Taken together, this work establishes a role for retinoid metabolism in glucose homeostasis in vivo and for Aldh1a1 as a novel determinant of gluconeogenesis and lipid metabolism independent of adiposity. (Endocrinology 153: 3089 -3099, 2012) 
R
etinoids are vitamin A metabolites with diverse, essential biological functions, including cell cycle progression, differentiation, embryogenesis, reproduction, vision, and immunity (1) (2) (3) . Retinoids are also implicated in the pathogenesis of cancer, obesity, diabetes, and cardiovascular disease (4, 5) . Retinoids exert these actions largely by activating the retinoic acid receptor (RAR) and the retinoid X receptor (RXR), nuclear hormone receptors that regulate gene expression (2, 6) . RXR can homodimerize or heterodimerize with RAR. RXR is also an obligatory heterodimeric partner for other nuclear receptors, including the peroxisome proliferator-activated receptors (PPAR) important for glucose homeostasis, fatty acid oxidation, and adipogenesis (1, 2) .
All-trans retinoic acid (ATRA) is a bona fide in vivo ligand for RAR whereas 9-cis-retinoic acid (9-cis-RA) ac-tivates RXR and RAR in vitro and was recently reported to function in vivo in the pancreas (7) (8) (9) . The biological impact of these retinoids establishes the importance of understanding their generation. Dietary vitamin A, or retinol, is first oxidized to retinaldehyde (Rald) by a family of alcohol dehydrogenases and retinol dehydrogenases. Subsequently, retinaldehyde dehydrogenases (Aldhs) irreversibly oxidize Rald to RA, the rate-limiting step of RA formation (2, 6, 10) . Recent work establishes that specific components of the vitamin A pathway, including retinoids, retinoid-binding proteins, and the distinct enzymes involved in retinoid metabolism have unique cellular effects (2, 6, 11) . In development, retinoids are classic diffusible morphogens, controlling temporal and spatial patterns as a function of Aldh expression (3) . In adult metabolism, previous studies documented that selective RXR agonists (rexinoids) decrease hyperglycemia and hyperinsulinemia (12, 13) , whereas pharmacological RXR inhibition reportedly ameliorates type 2 diabetes in mice (14) . However, endogenous pathways of retinoid metabolism regulating glucose homeostasis, including hepatic gluconeogenesis, remain poorly understood.
Recently, we reported that Rald itself and the enzymes involved in its conversion to RA were present and differentially regulated in rodent fat. Moreover, deficiency of the Aldh1a1 isoform protected mice from diet-induced obesity and diabetes (15) . However, given the markedly lower body weight in high-fat-fed Aldh1a1-deficient vs. wild-type (WT) mice, it remained unclear whether Aldh1a1 directly regulated glucose independent of body weight.
We demonstrate here that lean, chow-fed Aldh1a1-deficient mice have lower fasting glucose levels than weightmatched WT mice. In investigating mechanisms underlying this effect, we found that Aldh1a1 deficiency modulates expression of the key gluconeogenic mediators glucose 6 phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) as evident in hepatocyte models in vitro and hepatic gluconeogenesis in vivo. These Aldh1a1 effects appear to result from decreased RA levels and altered RAR/RXR activation. Decreased fasting glucose levels and hepatic gluconeogenesis in Aldh1a1 deficiency were coupled to increased fatty acid oxidation and lower plasma triacylglycerol concentrations. These findings provide evidence for retinoid metabolism as a determinant of hepatic gluconeogenesis in vivo and identify Aldh1a1 as the specific Aldh isoform responsible for coordinating glucose homeostasis and fatty acid oxidation independent of body mass and adiposity.
Materials and Methods

Animals
C57BL/6J WT mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Aldh1a1-deficient (Aldh1a1 Ϫ/Ϫ ) mice were provided by G. Duester and backcrossed to C57Bl/6J background for more than 20 generations. Mice were kept on a standard chow diet with a vitamin A content of 15I U/g, had free access to food and water except as indicated, and were handled according to Harvard Medical School Institutional Animal Care and Use Committee guidelines.
Reagents
All media were obtained from Invitrogen (Carlsbad, CA); collagen type I, D-glucose, bovine insulin, forskolin, all-trans retinaldehyde, and all-trans RA were obtained from Sigma (St. Louis, MO). HX531 was kindly provided by Dr. Hiroyuki Kagechika (University of Tokyo, Tokyo, Japan).
Nuclear magnetic resonance and tissue mass
Body fat, lean mass, and free fluid were measured (under 2 min) using a nuclear magnetic resonance analyzer (Minispec LF90II; Bruker Optics, Billerica, MA). Conscious mice were placed individually into the measuring tube with a minimal restraint device. Inguinal white adipose tissue (SWAT), gonadal white adipose tissue (GWAT), and liver were dissected and immediately weighed.
Glucose, insulin, and pyruvate tolerance tests
Glucose and insulin tolerance tests were performed on mice fasted for 12 h and 6 h, respectively. Mice were injected ip either with D-glucose (Sigma, 1 g/kg body weight) or recombinant human regular insulin (1 U/kg body weight; Novolin R; Novo Nordisk, Bagsvaerd, Denmark), and blood glucose concentrations were measured periodically. For pyruvate tolerance test mice, were starved for 24 h and then injected ip with pyruvate (Invitrogen) at 2 g/kg body weight, and blood glucose concentrations were repeatedly measured up to 125 min after injection.
Hyperinsulinemic-euglycemic clamp studies
Experiments were performed in conscious, unrestrained mice fitted with intravenous catheters as previously described (16, 17) . Briefly, after a 5-h fast, mice underwent a 120-min tracer equilibration phase (t ϭ Ϫ120 to 0 min) followed by a 120-min experimental period (t ϭ 0 to 120 min). At t ϭ Ϫ120, a bolus infusion of [3- 3 H] glucose (2 Ci) was given, followed by a 0.05 Ci/min infusion for 2 h. At t ϭ Ϫ10 min, basal serum measurements of insulin, glucose, and glucose turnover were taken. The insulin clamp started at t ϭ 0 with a prime-continuous infusion (16 mU/kg bolus, followed by 2.5 mU/kg/min) of human insulin (Novo Nordisk). The [3- 3 H]glucose infusion was increased to 0.075 Ci/min for the remainder of the experiment to minimize changes in specific activity. Euglycemia (120ϳ130 mg/ dl) was maintained during the clamp by measuring blood glucose every 10 min starting at t ϭ 0 and infusing 50% glucose at variable rates. Glucose-specific activity was serially determined (t ϭ 80, 90, 100, and 120 min) during steady state of glucose infusion. Blood insulin concentrations were determined at t ϭ Ϫ10 and 120 min. 
Indirect calorimetry
Indirect calorimetric measurements were performed in WT and Aldh1a1
Ϫ/Ϫ mice (12-14 wk old) as described elsewhere (18, 19) . Briefly, oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) were measured using the Comprehensive Laboratory Animal Monitoring System (Columbus Instruments, Columbus, OH), an integrated open-circuit calorimeter. Mice were individually housed in sealed chambers with free access to food and water. Animals were acclimatized for 48 h before experiments began. Analyses were performed for 48 -72 h at ambient temperature (23 C) and 12-h dark-light cycles. VO 2 and VCO 2 were sampled sequentially. Respiratory quotient (RQ) was calculated as VCO 2 /VO 2 . The Percent Relative Cumulative Frequency was used for VO 2 and RQ analysis (19) .
Lipoprotein profiling
Plasma from 6-h fasted mice was used for lipoproteins analysis by HPLC using molecular sieve columns (Skylight Biotech, Akita, Japan).
Triacylglycerol production assay
After a 4-h fast, mice were injected iv with the lipase inhibitor tyloxapol (Triton WR1339; 500 mg/kg body weight). Blood was sampled before and periodically after injection. Triacylglycerol were measured enzymatically (L-Type TG Kit, Wako Chemicals USA, Richmond, VA).
Primary hepatocyte cultures
Mouse hepatocytes were isolated using modification of the two-step hepatic portal vein perfusion method (20) . Briefly, after anesthetization the portal vein and inferior vena cava were exposed. A 24-gauge catheter was inserted into the portal vein, and the liver was perfused with liver perfusion medium (2 ml/min) followed by collagenase-dispase perfusion (7 ml/min) via peristaltic pump. The liver was then aseptically removed and hepatocytes released and filtered (70-m nylon cell strainer). Cells were washed and 90 -95% cell viability was assessed using trypan blue staining. Hepatocytes were plated in Williams' E growth medium (Invitrogen) on collagen-coated culture dishes. After recovery (24 h), cells were stimulated in serum-free DMEM as indicated.
Reverse transcription and gene expression
Total RNA was extracted (Rneasy; Qiagen, Hilden, Germany), DNase treated (Qiagen), and RNA (2 g) reverse transcribed. Gene expression, normalized to 36B4 and glyceraldehyde-3-phosphate dehydrogenase, was analyzed by quantitative real-time RT-PCR in 96-well plates using a MyiQ cycler (BioRad Laboratories, Hercules, CA). Primer sequences are available upon request.
Immunoblotting
Homogenized liver tissue or primary mouse hepatocytes were lysed in radioimmune precipitation assay buffer (Boston Bioproducts, Boston, MA). Standard Western blot techniques were performed using specific antibodies against phospho-Forkhead box O1 (Foxo1), total Foxo1, phospho-AMPK␣ (Cell Signaling Technology, Danvers, MA), PEPCK, G6Pase, and glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Proteins were detected by chemiluminescence (GE HealthCare Amersham, Amersham, UK).
Statistics
All data are given as means Ϯ SEM. Genotypes were compared by unpaired two-tailed Student's t test. A P value of 0.05 or less was considered statistically significant.
Results
Lean Aldh1a1-deficient mice manifest decreased fasting glucose levels
To test the role of Aldh1a1 in glucose homeostasis in the absence of weight or body fat differences, WT and Aldh1a1 Ϫ/Ϫ female mice were fed a standard chow diet for 12-14 wk before body composition analysis. Both genotypes demonstrated similar body weight, fat mass, lean mass, and free fluid content, SWAT, and GWAT as well as liver mass (Fig. 1, A and B) . Although random fed blood glucose levels were similar between groups, Aldh1a1 Ϫ/Ϫ mice manifested significantly lower glucose concentrations after 6 and 18 h of fasting compared with WT mice (Fig. 1C) . In contrast, neither plasma insulin concentrations nor glucose or insulin tolerance differed between Aldh1a1 Ϫ/Ϫ vs. WT mice (Supplemental Fig. 1A and Fig.   1 , D and E, published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org).
Aldh1a1 deficiency inhibits hepatic glucose production
To further characterize this change in fasting glucose levels, we performed pyruvate tolerance test (PTT) and hyperinsulinemic-euglycemic clamp studies in chow-fed WT and Aldh1a1 Ϫ/Ϫ mice. During a PTT, pyruvate is used as a substrate for glucose production. Whereas plasma glucose rose significantly in WT animals after ip pyruvate injection as expected, in Aldh1a1 Ϫ/Ϫ mice, significantly less pyruvate was converted into glucose ( Fig. 2A) , indicative of reduced hepatic gluconeogenesis. Hyperinsulinemic-euglycemic clamp studies revealed similar glucose infusion rate (Fig. 2B ) and insulin concentrations (Fig. 2C ) in both genotypes, establishing that Aldh1a1 does not alter insulin sensitivity. However, hepatic glucose production at baseline and under clamp conditions was markedly reduced in Aldh1a1 Ϫ/Ϫ vs. WT mice (Fig. 2D) , consistent with the prior PTT results. Insulin did not further suppress glucose production (Fig. 2E) . Compared with WT mice, Aldh1a1 deficiency decreased glucose turnover and clearance, as well as glycolysis, but did not alter glycogen synthesis (Fig. 2F) . To evaluate whether factors other than decreased hepatic glucose production contributed to reduced fasting glucose levels in Aldh1a1 Ϫ/Ϫ mice, we measured insulin-stimulated glucose uptake in GWAT, SWAT, BAT, and M. gastrocnemius. No difference between genotypes was detected in these tissues (Fig. 2G) . Taken together, these data strongly implicate Aldh1a1 in the regulation of hepatic gluconeogenesis and fasting glucose response.
Expression of specific gluconeogenic mediators is altered in Aldh1a1 deficiency
Given decreased hepatic gluconeogenesis as a function of Aldh1a1 deficiency, we next analyzed expression of the key hepatic gluconeogenic enzymes G6Pase and PEPCK. Both G6Pase and PEPCK were markedly decreased in Aldh1a1
Ϫ/Ϫ vs. WT livers (Fig. 3, A and B ).
In contrast, glycogen phosphorylase and glycogen synthase mRNA expression were unchanged between genotypes (Fig. 3A) . Forkhead box O1 (FOXO1) and AMP-activated protein kinase ␣ (AMPK␣) are known regulators of hepatic glucose production. FOXO1 induces G6Pase and PEPCK expression but is inactivated by phosphorylation (21) . In contrast, serine phosphorylation activates AMPK␣, which then inhibits glucose production and lipogenesis while increasing fatty acid oxidation (22) . Phosphorylation of both FOXO1 and AMPK␣ was increased in livers of Aldh1a1
Ϫ/Ϫ mice after ip insulin injection (Fig. 3C ). Activated AMPK suppresses expression of CCAAT enhancer-binding protein (C/EBP), which binds to and activates the PEPCK promoter. Hepatic expression of C/EBP␣ and ␤ was significantly repressed in Aldh1a1 Ϫ/Ϫ mice whereas C/EBP␦ was decreased but did not reach statistical significance (Fig. 3D) . Thus, in the genetic absence of Aldh1a1, coordinated regulation of Foxo1 and AMPK␣ action decreases G6Pase and PEPCK expression.
Retinoids promote hepatic gluconeogenesis by inducing PEPCK and G6Pase expression in an Aldh1a1-dependent manner Prior work has established that Aldh1a1-deficient mice have increased Rald and decreased all-trans-RA (ATRA) levels (23 ؊/؊ mice (solid circle) on a normal chow diet were analyzed for body composition using nuclear magnetic resonance spectroscopy. B, SWAT, GWAT, and liver weights were measured immediately after dissection (WT, white bars; Aldh1a1 ؊/؊ , black bars) C, Blood glucose concentrations were determined in WT and Aldh1a1 ؊/؊ mice at random fed state and after 6 h and 18 h fasting. D and E, Glucose (GTT) and insulin tolerance tests (ITT) were performed in WT (dashed line) and Aldh1a1 ؊/؊ mice (solid line). Percent of basal glucose during GTT and ITT is given (n ϭ 8/group; *, P Ͻ 0.05).
expression in WT hepatocytes (Fig. 4A) . In contrast, in Aldh1a1 Ϫ/Ϫ hepatocytes Rald failed to induce PEPCK and G6Pase expression whereas ATRA stimulation still increased expression of these two gluconeogenic enzymes (Fig. 4A) . Given the role of Aldh1a1 in converting Rald to RA and subsequent retinoid receptor activation, we next investigated retinoid receptor-dependent induction of PEPCK and G6Pase expression. We stimulated primary WT hepatocytes with Rald or ATRA in the absence or presence of the established RXR antagonist HX531 (24) . Both Rald and ATRA induced PEPCK and G6Pase expression in primary WT hepatocytes as before, but this effect was significantly blunted in the presence of HX531 (Fig. 4B) . Consistent with these findings, expression of the RA-metabolizing enzyme cytochrome P450 26a1 (Cyp26a1) was 10-fold less in livers from Aldh1a1 Ϫ/Ϫ vs. WT mice (Supplemental Fig. 1B ). Because expression of Cyp26a1 is known to be strongly induced by RA (25) , this finding supports decreased RA levels in Aldh1a1-deficient livers. Given these changes in gluconeogenic enzyme expression, we next considered effects of known fasting-induced proximal progluconeogenic signals. Fasting increases cAMP release in response to ␤-adrenergic signaling and glucagon secretion (26, 27) . As such, we investigated cAMP-induced gluconeogenesis in primary Aldh1a1 ؊/؊ vs.
WT hepatocytes using the synthetic cAMP agonist forskolin (27) . PEPCK and G6Pase mRNA were induced markedly in WT hepatocytes after forskolin treatment, but significantly less so in Aldh1a1-deficient hepatocytes (Fig. 4C) . These data identify Aldh1a1 as a key determinant of hepatic gluconeogenesis through retinoid receptor-mediated effects on PEPCK and G6Pase expression.
Aldh1a1 deficiency results in repressed triacylglycerol synthesis
In addition to gluconeogenesis, AMPK␣ and FOXO1 also regulate lipogenesis, very low density lipoprotein (VLDL) secretion, and fatty acid turnover. Hence, the modulation of AMPK␣ and FOXO1 activity seen in Aldh1a1 deficiency suggests that this retinoid-metabolizing enzyme might be involved in coupling fasting glucose levels to lipoprotein metabolism independent of body mass or adiposity. After a 6-h fast, Aldh1a1 Ϫ/Ϫ mice had significantly lower concentrations of total plasma triacylglycerol as well as VLDL-and low-density lipoprotein-triacylglycerol fractions compared with WT mice (Table 1 ). In Aldh1a1
animals, high-density lipoprotein-cholesterol concentrations were significantly increased whereas other cholesterol fractions were unchanged, resulting in increased total cholesterol levels ( Table 1) . To further investigate these changes, hepatic triacylglycerol production rate was measured in WT and Aldh1a1 Ϫ/Ϫ mice using ip injection of tyloxapol (Triton WR1339), a lipolysis inhibitor, followed by serum triacylglycerol measurement over the subsequent 4-h period. Tyloxapol increased triacylglycerol
FIG. 2. Aldh1a1
Ϫ/Ϫ mice display reduced hepatic glucose production. A, Pyruvate tolerance test was performed in WT (dashed line) and Aldh1a1 ؊/؊ mice (solid line). Blood glucose concentrations after ip pyruvate injection and area under the curve are given. B-G, Hyperinsulinemic-euglycemic clamp studies were performed in WT (white bars) and Aldh1a1 ؊/؊ mice (black bars). Glucose infusion rate (B), plasma insulin concentrations (C), and hepatic glucose production (D) were measured at baseline and during clamp conditions. Insulin-mediated suppression of hepatic glucose production was assessed (E), and whole-body glucose turnover, glycolysis, glucose clearance, and glycogen synthesis (F) were determined under basal and clamp conditions. G, Tissuespecific glucose uptake was analyzed by enrichment of phosphorylated [ 14 C]2DG in GWAT, SWAT, M. gastrocnemius, and BAT (n ϭ 8/group; *, P Ͻ 0.05).
Endocrinology, July 2012, 153 (7):3089 -3099 endo.endojournals.orgproduction in Aldh1a1-deficient mice 28% less compared with weight-matched WT mice (Fig. 5, A and B) . In considering molecular mechanisms for reduced VLDL secretion in Aldh1a1 deficiency, both sterol-regulatory element-binding-protein 1c and carbohydrate response element binding protein (ChREBP) are known lipogenic factors inhibited by AMPK activation (28, 29) . Whereas hepatic sterol-regulatory element-binding-protein 1c mRNA expression was unaltered by Aldh1a1 deficiency, ChREBP expression was significantly reduced in Aldh1a1 ؊/؊ vs. WT livers (Fig. 5C ). ChREBP and AMPK have opposing effects on the transcriptional regulation and activity of the lipogenic enzymes fatty acid synthase and acetyl-CoA carboxylase 1 (30), both of which were repressed in mice lacking Aldh1a1 (Fig. 5C ). These results are consistent with enhanced AMPK activity (Fig. 3C ) and decreased ChREBP (Fig. 5C ) expression in Aldh1a1-deficient livers.
Aldh1a1 controls energy substrate utilization in vivo
The combination of decreased hepatic gluconeogenesis and lower fasting glucose and triacylglycerol levels suggests that Aldh1a1 deficiency promotes fatty oxidation to maintain energy balance in the setting of decreased glucose levels. To test this, metabolic cage studies were performed in lean weight-matched WT vs. Aldh1a1 (Fig. 6C) ; in skeletal muscle, carnitine palmitoyltransferase 1, medium chain acyl-coA dehydrogenase, PPAR␣, and PPAR␦ were all significantly increased compared with WT mice (Fig. 6D) . Consistently, AMPK␣ phosphorylation was enhanced in Aldh1a1-deficient vs. WT skeletal muscle (Fig.  6E ). These data indicate that both reduced hepatic lipogenesis and enhanced fatty acid oxidation in muscle underlies the altered lipid profile in Aldh1a1 deficiency.
Discussion
Although 70 years have elapsed since increased hepatic vitamin A content was first demonstrated in patients with type 2 diabetes (31), distinct roles for retinoids in glucose homeostasis, lipid metabolism, and adiposity have remained obscure. We demonstrate here that deficiency of Aldh1a1, one of three Aldh isoforms responsible for converting Rald into RA, results in decreased fasting glucose independent of body mass or adiposity. Aldh1a1 deficiency is characterized by defective hepatic gluconeogenesis, with decreased hepatic expression of the key gluconeogenic regulators PEPCK and G6Pase. Aldh1a1 deficiency also exerts a coordinated effect on increased fatty acid oxidation, decreased circulating triacylglycerol levels, and altered respiratory quotient.
Vitamin A, an essential micronutrient, plays crucial, distinct biological roles through metabolites that modulate nuclear receptor activity and subsequent transcription (1, 2) . ATRA is a known RAR ligand in vivo and in vitro, whereas 9-cis-RA mainly activates RXR (7, 8) . Consistent with their fundamental importance, retinoid concentrations are tightly controlled during embryogenesis and throughout the lifespan of most organisms (32) . A complex network exists to control the levels of specific retinoids in different tissues at different times, involving the action of enzymes that govern retinoid formation (6, 10) .
Retinol is converted by alcohol dehydrogenases to Rald. Aldhs then catalyze Rald oxidation to RA, the ratelimiting, irreversible step in RA formation (10) . Recent studies highlight how specific Aldh isoforms exert distinct biological responses, despite their approximately 70% Ϫ/Ϫ mice (black bars) (n ϭ 6/group; *, P Ͻ 0.05; # , P ϭ 0.08). ACC1, acetyl-coA carboxylase 1; FAS, fatty acid synthase; SREBP, sterol regulatory element-binding protein.
Endocrinology, July 2012, 153 (7):3089 -3099 endo.endojournals.orgamino acid homology. Aldh1a2 is essential for retinal development whereas Aldh1a1-deficient mice lack retinal abnormalities. Aldh1a2 is also implicated in lung and myocardial development whereas Aldh1a3 expression occurs in specific locations during facial and gut development (33, 34) . Aldh isoforms also play unique roles outside of development, as seen in the immune system. Aldh isoforms differ in dendritic cells, including those of splenic vs. bone marrow origin. Aldh1a2 is the main form in mesenteric lymph nodes and splenic dendritic cells; Aldh1a1 appears to be most important in Peyer's patch dendritic cells (35, 36) .
Despite the importance of RA and retinoid receptors in metabolism, little has been known about Aldh function in the liver. Aldh1a1 is the predominant hepatic isoform (Supplemental Fig. 1C ). The data presented here establish that Aldh1a1 helps to maintain fasting glucose levels through hepatic gluconeogenesis. Aldh1a1-deficient mice display lower fasting glucose concentrations vs. WT controls (Fig. 1C) independent of body mass, insulin sensitivity, or glucose tolerance (Fig. 1, D and E, and Fig. 2, B and C) . Hepatic glucose production and gluconeogenic enzyme expression were significantly repressed in Aldh1a1 Ϫ/Ϫ mice (Fig. 2, A and D, and Fig. 3, A and B) . Importantly, no dif- Ϫ/Ϫ mice (n ϭ 6/group; *, P Ͻ 0.05). ACOX, Acyl coA oxidase; CPT, carnitine palmitoyltransferase; MCAD, medium chain acyl-coA dehydrogenase PGC, PPAR coactivator; RQ, respiratory quotient.
ference was seen in Aldh1a2 or Aldh1a3 hepatic expression levels in this model (Supplemental Fig. 1C ), arguing for a specific role of Aldh1a1 in these responses. Together, these data strongly implicate Aldh1a1 as a key determinant of hepatic gluconeogenesis.
Aldh1a1 deficiency protects mice from diet-induced obesity. Those studies suggested that Rald itself might regulate adipogenesis in this model (15) . However, the Aldh1a1-mediated regulation of hepatic gluconeogenesis presented here suggests decreased RA levels and subsequent diminished RXR and/or RAR activation as accounting for the observed effects on glucose homeostasis (Figs. 1-3 ). Distinct retinoid responses in different tissues are well documented, albeit not fully understood. Variable expression patterns of retinoid receptor isomers and retinoidbinding proteins as well as local differences in retinoid formation contribute to tissue-specific retinoid responses (10, 37, 38) . For example, treatment with synthetic RXR agonists suppressed skeletal and cardiac muscle but not adipose tissue lipoprotein lipase activity (39) .
RA formation in vivo is tightly regulated, and changes in RA tissue concentrations can be subtle and thus difficult to detect (40) . However, even modest shifts in RA tissue concentrations can significantly alter RA target gene expression (41) . The decreased expression of the RA-regulated target gene Cyp26a1 in Aldh1a1
Ϫ/Ϫ livers is consistent with lower RA levels in this model (Supplemental Fig. 1B) . RA is also a potent regulator of gluconeogenic enzyme expression as demonstrated here (Fig. 4, A and B) . However, Rald stimulation in cells lacking Aldh1a1, which would otherwise convert Rald to RA, had no impact on PEPCK or G6Pase expression (Fig. 4A) . Such findings are consistent with prior data demonstrating decreased hepatic glycogen content and PEPCK expression during global vitamin A deficiency, although underlying mechanisms for this effect were previously unknown (42, 43) . Importantly, RA induction of PEPCK and G6Pase was almost completely abolished in the presence of the RXR antagonist HX531 (Fig. 4B) . RXR can either homodimerize or heterodimerize with RAR, PPAR␥, or other nuclear receptors. The PEPCK promoter does contain a putative RAR response element (RARE) (44) . Because HX531 is a pan-retinoid receptor antagonist (24) , perturbation of RAR/RXR heterodimer formation could account for the loss of RA effects seen in HX531-treated primary hepatocytes (Fig. 4B) .
In terms of distal mechanisms involved in Aldh1a1 control of fasting glucose, the second messenger cAMP potently induces gluconeogenesis during fasting (26, 27) . Aldh1a1-deficient primary hepatocytes had diminished cAMP-mediated induction of gluconeogenic enzyme expression (Fig. 4C) , implicating retinoid metabolism in cAMP regulation of fasting gluconeogenesis. Interestingly, in prior reports RA sensitized leukemia cells and human bronchial epithelial cells to the action of cAMP (45, 46) . Moreover, cAMP-dependent stimulation of PEPCK gene expression requires adequate hepatic RA levels (43) . Thus, a lack of RA-mediated gluconeogenic induction via cAMP may contribute to fasting hypoglycemia in lean Aldh1a1 Ϫ/Ϫ mice.
Retinoids also regulate lipid metabolism (12, 14, 47) . Compared with weight-matched, lean WT mice, Aldh1a1-deficient mice are characterized by reduced plasma triacylglycerol levels (Table 1) , enhanced oxygen consumption, and increased expression of fatty acid oxidation genes in skeletal muscle (Fig. 6) . Given the systemic hypoglycemia seen in the fasting state (Fig. 1) , it is possible that Aldh1a1 deficiency drives a systemic change in metabolites that prompts the mice to preferentially use fatty acids, particularly in skeletal muscle, to maintain energy balance. In addition to increased fatty acid oxidation, attenuated lipogenesis (Fig. 5 ) seems to contribute to the improved lipid profile in Aldh1a1 Ϫ/Ϫ mice.
Rexinoids are RXR-selective ligands that have been reported to ameliorate glucose metabolism in diabetics mainly due to improved insulin sensitivity. However, the pursuit of rexinoids as insulin sensitizers has been limited by hypertriglyceridemia (47, 48) . Given retinoid-mediated increases in hepatic lipogenesis, retinoid signaling may promote nonalcoholic fatty liver disease. Indeed, nonalcoholic fatty liver disease patients have increased Aldh expression, suggesting enhanced RA formation (49) . RA-mediated RAR␥ activation also augmented hepatic cannabinoid receptor-1 expression, promoted lipogenesis, and reduced fatty acid oxidation (50) . Interestingly, 13-cis-RA treatment in acne patients increased triacylglycerol and glucose levels (51) . Thus, Aldh1a1 inhibition may be a possible therapeutic target for modulating glucose production and hypertriglyceridemia. Taken together, our findings establish Aldh1a1 as the specific Aldh isoform responsible in vivo for integrating retinoid effects on fasting glucose levels, hepatic gluconeogenesis, and lipogenesis independent of body mass or adiposity. In so doing, these studies uncover how Aldh1a1, the rate-limiting enzyme in RA formation, helps coordinate energy balance. These results add Aldh1a1 action to the growing evidence for how specific aspects of retinoid metabolism can regulate systemic responses.
